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The design and control of an in-parallel, pneumatically actuated manipulator is presented. In-parallel 
manipulators offer superior dynamic characteristics because of their high stiffness, low inertia, and 
potential for direct drive actuation. In this thesis, the three degree of freedom tripod manipulator is 
studied. The three degrees of freedom of the manipulator are exactly those that are required for force 
control perpendicular to a surface. These degrees of freedom are translations along the approach 
direction and rotations about the axes perpendicular to the approach direction. This body of research can 
be grouped into three parts. First the area of force control is examined with two purposes in mind, 
improving pneumatic force control, and understanding how force control has been traditionally 
implemented and the reasons for its limitations. Next, the improvement of the response of the 
mechanism and the implementation of different force control schemes are investigated. To improve the 
response of the system, shorter transmission lengths and an inner pressure feedback loop are added. 
Position control, force control, stiffness/compliance control, and impedance control, are all investigated, 
Lastly, a discussion of the advantages and possible uses of this mechanism is presented. The advantage 
of the parallel mechanism is the ability to regulate the force perpendicular to the surface. Thus, the 
mechanism can control the force perpendicular to the surface, while an arm attached to the mechanism 
can control the position of the end effector. This mechanism thus allows the hybrid position and force 
control problem to be decoupled. Obvious uses for applying a force perpendicular to a surface are tasks 
such as deburring or polishing. Another possible use could be peg insertion; a new design for peg 
insertion will be discussed. Lastly, this mechanism could be used as an ankle for a walking machine or a 
writ for a serial robot. The mechanism can adjust for unforeseen impacts and allow the system to be 
used in an unstructured environment. 
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Abstract 
The design and control of an in-parallel, ~neumatically actuated manipulator is presented. 
In-parallel manipulators offer superior dynamic characteristics because of their high stiff- 
ness, low inertia, and potential for direct drive actuation. In this thesis, the three degree 
of freedom tripod manipulator is studied. The three degrees of freedom of the manipula- 
tor are exactly those that are required for force control perpendicular to  a surface. These 
degrees of freedom are translations along the approach direction and rotations about the 
axes perpendicular to  the approach direction. This body of research can be grouped into 
three parts. First the area of force control is examined with two purposes in mind, improv- 
ing pneumatic force control, and understanding how force control has been traditionally 
implemented and the reasons for its limitations. Next, the improvement of the response of 
the mechanism and the implementation of different force control schemes are investigated. 
To improve the response of the system, shorter transmission lengths and an inner pressure 
feedback loop are added. Position control, force control, stiffness/compliance control, and 
impedance control, are all investigated. Lastly, a discussion of the advantages and possible 
uses of this mechanism is presented. The advantage of the parallel mechanism is the ability 
to regulate the force perpendicular to the surface. Thus, the mechanism can control the 
force perpendicular to the surface, while an arm attached to the mechanism can control 
the position of the end effector. This mechanism thus allows the hybrid position and force 
control problem to be decoupled. Obvious uses for applying a force perpendicular to a sur- 
face are tasks such as deburring or polishing. Another possible use could be peg insertion; 
a new design for peg insertion will be discussed. Lastly, this mechanism could be used as 
an ankle for a walking machine or a wrist for a serial robot. The mechanism can adjust for 
unforeseen impacts and allow the system to be used in an unstructured environment. 
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Chapter 1 
Introduction 
1.1 Objectives and Scope 
The design and control of an in-parallel, pneumatically actuated manipulator is presented. 
In-parallel manipulators offer superior dynamic characteristics because of their high stiff- 
ness, low inertia, and potential for direct drive actuation [ll]. Because of the compliance 
intrinsic to  pneumatics, a pneumatically-actuated tripod manipulator has foreseen benefits 
which are twofold. One advantage is its ability to  withstand large impacts, and the sec- 
ond is its ability to actively cha,nge its compliance. With these two advantages, the tripod 
manipulator can be used as an active compliant end effector which can absorb energy from 
unforeseen impacts. 
The objectives of this research are: 
a To study the dynamics of the tripod mechanism in order to  develop control schemes 
for coordinating the multiple degrees of freedom. 
a To investigate fundamental problems underlying force control. Ail important aspect of 
this is to develop models for pneumatic actuators to  optimize the servo-level control. 
a To develop different control schemes for the tripod mechanism including stiffness 
/compliance control, impedance control, and force control. 
Before the manipulator can be controlled, the kinematics of the mechanism must be 
understood. The inverse a.nd direct kinematics have been solved previously [25] and from the 
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this work, the stiffness and compliance matrices for the system are defined. An important 
feature of the manipulator is that  it can only translate in the approach direction and rotate 
about the axes perpendicular to  the approach direction. Similarly, we can control the force 
in the approach direction as well as the moments about the axes perpendicular to  the 
approach direction. The forces along the axes perpendicular to  the approach direction and 
the moment about the approach direction cannot be controlled, but are resisted. 
The area of force control is examined with two purposes in mind: improving pneumatic 
force control, and understanding how force control has been traditionally implemeilted and 
the reasons for its limitations. Ideas to improve force control with pneumatic actuators 
have been examined with the aid of a one degree-of-freedom high performance testbed. The 
test bed employs small transmission lengths, graphite glass actuators, and an inner pressure 
feedback loop. 
The implementation of force control is also studied using the one degree of freedom 
testbed. The force control model usually employs rigid body dynamics which algebraically 
relate the input to  the output forces. Because the dynamics have not been modeled, the 
actuators a t  best can compensate for the forces in a static manner. The acausal system is 
studied using the one degree of freedom testbed and a controller based on discrete control 
laws. First, the i~rlportance of the difference rule applied when deriving the control law 
is studied. Secondly, the proportional and integral gains chosen are shown to be very 
iniportant because these gains will change the overall behavior of the system. 
Some of the ideas from the one degree of freedom testbed have been implemented in the 
mechanism. To improve the response of the system, shorter transmission lengths and an 
inner pressure feedback loop are added. Various force control methods which are applied 
to  the ~rlechanism are: stiffness/compliance control, impedance control, and force control. 
The stiffness of the system can be actively changed so that  its response to various forces 
can be radically different. The impedance of the system can also be changed so that  
again the response of the mechanism to a certain force could be stiff, soft, overdamped 
or underdamped. The three degrees of freedom of the manipulator are exactly those that 
are required for force control along a surface. These degrees of freedom are translations 
along the approach direction and rotations about the axes perpendicular to  the approach 
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direction. Thus, the mechanism could control the force along the surface, while an arm 
attached to the mechanism could control the position of the end effector. This mechanism 
thus allows the hybrid position and force control problem to be decoupled. 
Finally, a discussion of the possible uses of this mechanism will be included. One possible 
use could be peg insertion; a new design for peg insertion will be discussed. Other obvious 
uses are applying a force along a surface which is needed in such tasks as deburring or 
polishing. Lastly, this mechanism could be used as an ankle for a walking machine or a 
wrist for a serial robot. The mechanism can adjust for unforeseen impacts and allow the 
system to be used in an unstructured environment. 
1.2 Literature Review 
1.2.1 In-parallel Manipulation - Tripod Mechanism 
The kinenlatics of a tripod mechanism have been studied by Lee and Shah [14] Waldron 
and Roth [34] Pfreundschuh et. al. [25] [32] and others. In Pfreundschuh's master thesis 
[25 ] ,  the kinenlatics of the mechanism are thoroughly described including the formulation of 
the Jacobian and its inverse. He also describes the design parameters needed for building a 
direct drive, pneumatically actuated manipulator. Because of the large force to  weight ratio 
of the actuators, Shah [13] describes a small manipulator which can move large objects. 
Also because the actuators directly drive the system and air is naturally compliant, the 
mechanism can also achieve high performance force control. 
1.2.2 Pneumatic Actuation Systems in Robotics 
Pneuma.tic systems have many advantages to electric motor or hydraulic systems which 
include large output to weight ratios, low cost, and cleanliness. A major drawback to 
pneu~natic systerns has been the low bandwidth caused mainly by the transport lag due to  
the compliance of air. Both Bobrow [I] and Mannetje [16] have included an inner pressure 
feedback loop which increased the position control bandwidth of the system. When the 
a.dditiona1 pressure feedba,ck is included, Bobrow showed the root loci of the system are 
shifted to the left, thus improving the performance of the system. 
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1.2.3 Control Schemes Involving Stiffness/Compliance Control and Ap- 
plications 
Impedance control [39] tries to regulate the relationship between forces and velocities. The 
active impedance control method describes an algorithm for achieving a desired impedance 
resulting from an external force. In his book [39], Yoshikawa describes a one degree of 
freedom case for active impedance control. Essentially, one would like to  control the desired 
mass, damping, and stiffness parameters of the system. 
Stiffness or compliance control [39], is a subset of impedance control. If the desired mass 
and damping parameters of the system are equal to  zero, only the stiffness parameter is 
left. With these parameters, only the stiffness is controlled for a given external force. 
Both stiffness control and impedance control can actively change the compliance of 
the link. Passive impedance methods have also been researched [36]. Passive methods 
usually consist of a wrist which is designed with passive springs or some type of rubber 
ma.teria1. A remote compliance center [39] is a passive mechanical device which creates a 
compliance center at  the tip of the peg. Whitney [36] describes a passive remote compliance 
center which can insert rigid pegs. Drawbacks to passive devices include the inability to 
change the impedance parameters. Flexible manufacturing cannot be achieved if a new 
mechanical device needs to be built every time a new situation occurs. Our pneumatically 
controlled tripod mechanism can actively change its stiffness parameters. Because the 
stiffness parameters can be changed, this mechanism offers a better design for a wrist or an 
ankle in many situations. 
Chapter 2 
The Tripod Mechanism 
2.1 Kinematics 
The kinematics follow directly from the work done by Pfreundschuh [ 2 5 ] .  Only the kine- 
matics needed to  derive the stiffness matrix are presented in detail. For a more extensive 
discussion, then refer to the previous work by Pfreundschuh. 
2.1.1 Mechanism Description 
The structure of the system is shown in Figure 2.1. Three prismatic links are attached to 
a lower base frame and an upper platform. The prismatic joints are attached to  the base 
frame with pin joints and are attached to the upper platform with ball joints. Each link 
ha.s five degrees of freedom, three degrees from the ball joint, one degree from the extension 
of the link, and one degree from the pin joint. 
2.1.2 Rotation Matrix 
The inverse kinematics are discussed briefly in order for the reader t o  better understand 
the manipulator. For this mechanism, the inverse kinematics are much easier to  solve than 
the direct kinematics. First an xbitrary rotation about the top platform will be discussed. 
The upper platform coordinate system will be referred to  as xyz and the fixed base 
coordinate system will be referred to as XYZ as shown in Figure 2.1. A coordinate frame 
is fixed to the upper pla.tform which defines the z axis normal to the moving platform. 
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t z  J 
moving platform 
joint 1 
Figure 2.1: Coordinate Systems 
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Figure 2.2: Rotation of the Upper Platform 
The goal is then to  describe a vector in the moving coordinate system by a vector in a 
fixed coordinate system. Because of the kinematic constraints, only two angles a and 4 
are needed to  describe a rotation of the upper platform. The arbitrary rotation in the xy 
plane can be described by some rotation 4 about an axis k see Figure 2.2. The angle a 
describes the position of the k axis in the xy plane. Note, the upper platform actually moves 
relative to the X, Y, and Z directions because of the coupling of the links with the revolute 
joints. The platform coordinate frame will actually move slightly, but the movement can 
be described by the angles, a and 4. 
A rotation matrix can be described easily for this type of motion. To move from the 
fixed coordinate frame to the new coordinate frame, the fixed frame is first rotated about 
the z axis until the x axis coincides with the k axis. Then the frame is rotated about its x 
axis q5 degrees. Finally, the xy axes are repositioned to  their original locations by rotating 
about the z axis xninus a degrees. 
A vector r in the moving frame can then be described by a vector p in a fixed xyz frame 
by a series of rotations. Note, the upper platform frame actually moves slightly; the actual 
deflection of the frame occurs because the rotation of the upper platform is not pure. 
where Rb describes the rotation 4 about k and l describes the rotation a about the z axis. 
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The combined rotation matrix R can easily be found. 
where 
The angle 4 is limited to less than K degrees because the physical platform cannot rotate 
through itself. 
- T < ~ < K  ( 2 . 5 )  
O < ~ < T  (2.6) 
2.1.3 Transforlnation Matrix 
The translation from the base coordinate system to the upper platform coordinate system 
still needs to  he described. The vector from the base to the upper platform can be described 
by three parameters S,, Yc, and 2,. These three parameters describe the actual translation 
of the upper pla.tform. Beca.use only three generalized coordinates are needed to describe 
the platform, two of the five parameters, X,, Y,, Z,, a,  and 4, are dependent. Two extra 
constraints on the mechanism are needed to  eliminate the extra coordinates. The constraints 
follow from the fact that the revolute joints a t  the base of the platform only have one degree 
of freedom. From the revolute joint constraints on the links, Xc  and Y, are related to a and 
4. 
where 
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A third constraint ca,n also be derived from the fact that the links cannot translate in 
a parallel direction to the revolute joints. The constraint follows from the homogeneous 
transformation described below. 
The last constraint requires that: 
n2 = 01 
From this constraint, it can be shown that the system cannot produce a pure rotation about 
the z axis. Physically the platform cannot produce a rotation about the Z axis independent 
from other motions. The constraint does not mean that a rotation in the Z axis cannot 
occur. A rotation in the Z axis can occur but the rotation is coupled with a rotation in 
another arbitrary axis. In the discussion of forward kinematics, it will be shown that an 
angular velocity about the Z axis is nonzero which must mea.n that there is a rotation about 
the Z axis. 
The transformation matrix can then be described as 
To summarize: 
4 and a describe the upper platform's rotation. 
a x,, y, and z ,  describe the translation of the upper platform. 
The upper platform exhibits small translations in the X Y directioizs as well as a 
slight rotation about the Z axis. 
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4 2  
Figure 2.3: Diagra.m of the Upper and Lower Platform 
2.1.4 Direct Kinematics 
As stated before, the inverse kinematic analysis is much easier to solve than the direct 
kinematic analysis. A detailed diagram of the vectors needed for the kinematic analysis 
is shown in Figure 2.3. The generalized coordinates for this analysis include 01, 02, 03, 
and I * ,  12, 13. The scalar 1; describes the magnitude of the corresponding link while the 
angle 8; corresponds to the direction of the link. Again, since there are only three degrees 
of freedom, the link lengths must be related to the link angles. Three equations can be 
derived, but they are nonlinear and must be solved using a numerical analysis program. 
To begin the derivation, the vector p is defined as the location of the ball joint in base 
coordinates as shown in Figure 2.3. If two adjacent vectors pi are subtracted, the magnitude 
must equal f i r .  For example, 
l l ~ l  - ~ 2 1 1  
describes the distance between the two links. This distance is exactly the length of one side 
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of the equilateral triangle. 
From the defined coordinate system, 
- cos o1 
The constraint equations then become: 
o = 1: + I ;  + 3~~ - 3r2 + i l l2  cos o1 cos 02 - 21112 sin O1 sin O2 
-311 cos O1 R - 312 cos 0 2 R  (2.14)  
0 = 1; + 1; + 3~~ - 3r2 + E2l3 cos 82 cos 03 - 2l2z3 sin 02 sin 83 
-312 cos 0 2 R  - 313 cos B3R (2.15) 
0 = 1; + 1; + 3~~ - 3r2 + 1311 cos 83 cos el - 21311 sin 83 sin 81 
- 3E3 cos 83 R - 311 cos O1 R (2.16)  
These three equations are solved using a Newton-Raphson routine. The link leilgths are 
entered along with three estimates for the angles. Cramer7s rule is used to  determine the 
increment amount for each angle. Only a couple of iterations are needed to determine the 
angles which solve the equations for a defined minimum error. 
2.1.5 Workspace for the Manipulator 
The workspace for the n~anipulator is found using an iterative process. A computer program 
is written which calculates the link lengths and link angles for many different positions. At 
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ea,ch specified position of the upper pla,tform, x,, y, and z, are found. The coordinates, x,, 
y,, and z, are determined from the ball joint angles [14]. For our manipulator, R = r = 3.5 
inches and z, varies from three to five inches. The workspace for this geometry is shown in 
Figure 2.4. 
2.1.6 The Jacobian Matrix 
The Jacobian relates the described end effector velocities to  the joint velocities. Because 
the mechanism only has three degrees of freedom, three more degrees of freedom are needed 
to for111 an inverse Jacobian which relates any arbitrary set of end effector velocities to a set 
of joint velocities. If only three joint velocities, namely the velocities of the actuators, are 
availa,ble, then only a subset of end effector velocities can possibly be obtained. To obtain 
the estra three degrees of freedom which forms an invertible Jacobian, Roth et. al. [33] 
propose to mount the tripod mechanism to a three degree of freedom wrist. Alternatively, 
the in-parallel three degree-of-freedom mechanism proposed by Kumar et. al. [ll] could 
provide the three degrees of freedom. 
Assuming tha,t a three degree-of-freedom spherical wrist is employed, the inverse Jaco- 
bian can then be described as: 
where i are the actuator velocities supplied by the mechanism and are the angular 
velocities supplied by the added wrist. I', and I', are both three by six matrices. If 9 = 0 
because an extra, wrist is not available, then r, describes the available rotations or motions 
that are obtainable by the mechanism while satisfying the equation I', = 0. 
The inverse Ja.cobian is calculated by describing the velocity of the ball joints. Four sets 
of vectors need to  be defined: 
pi - the vector from the base frame to the ball joint i 
w; - the unit vector describing the direction of link i 
ui - the unit vector along the axis of pin joint i 
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Silhouette in X-Y plane 
Silhouene in X-Z plane 
Silhouette in Y-Z plane 
Figure 2.4: Manipdlator Workspace 
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q; - the vector from the origin of the upper platform frame to the ball joint i 
All vectors are described in the base XYZ frame; therefore the end effector velocities 
are described in the base frame also. 
i2 C O ~  O2 - 4 R  l 3  c 0 s 8 3  - $ R  
I =  ( l l c O ~ e l t R )  = ( - c o s 8 2 + ~ )  133- ( ~ i 3 c o s . 3 - ~ ~  ( 2 . 1 8 )  
11 sin B1 i2 s in e2 I 3  sin 83 
cos o1 1 Z cos O2 4 cos O3 
The vectors qi are defined as the vectors pi inillus the vector from the origin of the base 
coordinate frame to the origin of the upper platform frame. 
-L1 cos R1 + R - x ,  ; i 2 ~ o s 8 2  - $ R - z <  ' l f l o s "  - ' R - Q  ) ) q.= ( f i 2 c o s 6 ' 2 + q ~ - y c )  .3= ( & 3 c o s % - ~ ~ - ~ c  ( 2 . 2 1 )  
11 sin el - z c  12 sin 82 - zc l 3  sin 6'3 - zc 
The velocity of the ball joint is the divergence of the vector p  plus the additional term 
caused by the angular velocity, G, of the wrist. The velocity of the ball joint can then be 
defined. 
v B ~  = * x pBi $ ~ j B i  (2.22) 
where 
fiBi = iiWi + liwioi 
The velocity of the ball joint can also be written in terms of the end effector velocity, v 
and w .  
v g ; = v + w x q ;  (2.25) 
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By setting Equations (2.22) and (2.25) equal, the joint velocities i and Xb can be found 
after some manipulation. 
where 
The inverse Jacobian follows directly from these equations. 
The inverse Jacobian relates the desired end effector velocities with the joint velocities. 
The direction of the desired end effector velocities are expressed with respect to the fixed 
base frame. Since the Jacobian is just the inverse of J - I ,  it can be found easily by inverting 
the matrix. 
2.1.7 The Simplified Inverse Jacobian for the Tripod Manipulator 
The inverse Jacobian can be simplified by setting = 0. From Equation (2.27) 
and 
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The set of simplified equations describes the set of rotations or motions that can be supplied 
by the tripod mechanism. 
2.1.8 Forward Kinematics 
The forward kinematics are solved using the same velocity equations above [25]. If !ij = 0, 
Pfreundschuh shows 
From these equations, A, describes end effector angular velocities from a given set of link 
velocities. In general, a set of link velocities will produce a velocity in the X and Y 
directions as well as an angular velocity in the Z direction. These velocities are described 
in the base coordinate frame XYZ. This result may seem counterintuitive because the 
mechanism should only have three degrees of freedom, but a velocity in the X direction can 
occur, for example, and is coupled with a rotation described by cw and 4. Pure velocities in 
the X and Y directions and pure angular velocities in the Z direction cannot occur. Also, 
the movement in these directions is very small. 
The only pure translation for the mechanism that exists is in the Z direction as long as 
the mechanism stays in the home psition. If all angles are ninety degrees and the desired 
output is only a velocity in the Z direction, then the translation is pure. This is not the 
case if the platform is tilted. If it is tilted and the desired translation is in the Z direction, 
there will be a velocity in the XY frame. The angular rotations in the X and Y directions 
can be large, but the actual rotation is not pure because as the upper platform rotates, x, 
and y, change. 
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2.1.9 Force Decomposition based on the Simplified Inverse Jacobian 
From the preceding analysis, the force decomposition which relates end effector forces to 
the joint forces can be derived. Using the duality principle: 
where R describes the end effector forces in the base frame, C describes the end effec- 
tor moments in the base frame, F are the forces produced by the links, and T are the 
torques produced by the a.dded spherical wrist. Again by restricting @ = 0, the Jacobian 
is simplified. 
[: j = [c] [ F ]  = [ 71, y:] [ F ]  
A distinction between r and @ must be made. @ is set to  zero because the mechanism 
is not attached to a wrist and is restricted from moving. It is not the case that r is equal 
to  zero. Torques at the base of the platform do occur, but cannot be controlled. These 
torques are resisted unless the structure of the manipulator fatigues. The set of equations 
defined in (2.35) describe the end effector forces that can be controlled by the input forces 
to  ea.ch link, F. The set of end effector forces that can be controlled are only a subset of 
the possible end effector forces that can occur. 
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- cos el cos o2 
0 -$ cos 82 
sin O1 sin O2 
- y, sin 81 $ R sin 82 - y, sin 82 - $ z, cos 82 
-RsinO1 + ~ , s i n 6 ' ~  + z , c 0 s 8 ~  i R s i n 8 2  +x,sinBz - ~ z c c o s 8 2  
-y, cos 01 $1:. cos 82 + * Y c  cos 82 
- 
$ cos82 
+ cos 83 
sin 93 
- $ R sin O3 - yc sin O3 + Z, cos 83 
+Rsin83  + zcs in03  - i z c c o s 0 3  
-$x,cos%3 + i y c c o s 0 3  - 
In the home position, only forces in the Z, and the moments about the X and Y 
directions can be controlled. 
2.2 Stiffness/Compliance Matrices 
In the rest of the paper, the notation used will be: 
R - the end effector forces in the base frame 
C - the end effector moments in the base frame 
A X  - translation in the X direction 
AY - tra.~lsla.tion in the Y direction 
AZ - translation in the Z direction 
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Adx - rotation about the X axis 
Ady - rotation about the Y axis 
AOz - rotation about the Z axis 
In this thesis, any general motion (twist) of the platform will have six components AX,  
AY, AZ,  AO,, AeY, and Adz. Any general force (wrench) also has six components, R,, 
R,, R,, C,, C,, and C,. We refer to these as displacements or forces along the X, Y,  Z ,  
d X ,  B y ,  and dz directions respectively. 
The end effector stiffness matrix describes the forces and moments that must be exerted 
on the upper platfornl to  produce a given deflection of the upper platform. Because the 
tripod manipulator only has three degrees of freedom, one must choose which three stiffness 
parameters to  control. By studying the workspace figures, it is obvious that the stiffnesses 
in the X ,  Y, and OZ directions should not be controlled. The manipulator translates very 
little in the X ,  and Y directions and barely rotates about the Z axis. For these reasons, the 
stiffness in the Z, Ox, and Oy directions a,re controlled. The desired end effector stiffness 
matris is defined below: 
Note tha.t we have chosen to decouple the forces in one direction from motions in another 
direction. The purpose for the end effector stiffness matrix is to define a mechanism which 
senses rotations and translations (twists), and produces controlled forces and moments 
(wrenches) to counteract the movement. In the joint space, it is much easier to sense the 
change in lengths, E ; ,  and produce controlled forces, F;. In particular, we can implement a 
general control law: 
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where kij  are joint-stiffnesses that  can be arbitrarily chosen by the control system de- 
signer. The previously derived equations are recalled: 
L J  
The stiffness matrix can now be described a different way. 
From the two derivations of the stiffness matrix, we can find the joint stiffnesses from 
any set of desired end effector stiffnesses, ICz, KO,, and Key. 
Finding the k;,'s from the desired end effector stiffness matrix poses a difficult problem. 
First from the given lengths, I ; ,  the corresponding angles would have to  be calculated using 
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the Newton-Raphson routine. Once the angles are found, the left and right inverses of the 
transposed simplified Jacobian and the simplified Jacobian respectively would have to be 
calculated. Lastly, the kij's would be found by rn-ultiplying the corresponding matrices. 
Becamuse this process is time consuming for real time control, an alternative approach is 
adopted. 
The joint stiffness parameters are calculated assuming the upper platform is in the home 
position; all link angles (8;) are ninety degrees. From the desired stiffness parameters, the 
Lij7s are only calculated once. Even if the platform tilts, the kij's are not recalculated, but 
still depend on the pla8tform7s home position. This method of always using one set of kij's 
is appropriate if the end effector stiffness matrix does not change appreciably with changes 
in configuration. 
A program was written which calculates the desired k;j's from the end effector stiffness 
para~rieters assuming the platform is in the original home position. It should be noted, that 
for any set of desired stiffness parameters, the force for one actuator depends on the change 
of length of all three actuators. 
For the tripod mechanism, the kij's are defined below: 
where 
The reader should remember that the forces that are being controlled are described in 
the fixed base frame XYZ. Therefore, if the upper platform tilts slightly, the force in the Z 
direction is still in the normal direction of the base fra,me, but its magnitude might change. 
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To better understand that the end effector stiffness matrix in any configuration is similar 
to  the one based on the home position, examples are presented. For all three cases, K z  
equals 30 lbs/in, ATe, = Ice, equals 2 lbs in/rads. These stiffness parameters are chosen 
because the mechanism will now have stiffness characteristics that are desired for an ankle. 
An ankle is usually stiff in the approach direction and is less stiff in rotations about the 
axes perpendicular to the approach direction. Three cases are studied. 
Case Link 1 Link 2 Link 3 
hl the third case, the platform is at an extreme angle, where the rotation angle 4 = 11 
degrees, and ct = -30 degrees. In the second case, the platform still rotates, #I = 3.78 
degrees and cu = -0.0009 degrees. The stiffness matrices for each case are defined below. 
For ea.ch case, for example, the z axis corresponds to  a different direction in the fixed base 
coordinate frame, because the upper coordinate frame rotates with the upper platform and 
the z axis stays normal to the surface of the upper platform. Fz is the force in the direction 
of the Z axis and does not rotate as the platform rotates. 
In the first case: 
In the second case: 
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Note, the zeros in column six are actually smaller numbers of the order All three 
stiffness matrices have similar characteristics where the dominant values are the diagonal 
terms, 30, 2, and 2. Because of the physical constraints of the mechanism, AX,  AY, 
and AOz ca,nnot move independently of AZ, AOx, and AOy. For example, the physical 
characteristics of the platform prevent a pure change in the X direction. A change in in the 
X direction can occur only if there is some rotation of the upper platform. The analogy is 
similar for AY,  and LOz. Because these values are so small we will assume that they are 
approximately equal to zero. 
From the a.ssumptions that Rx, Ry and Cz are small because the elements in the first, 
second, and third rows are small, and AX,  AY, and AOz are very small so the elements in 
the first, second, and sixth column are not important, the stiffness matrix call be split into 
one smaller three by three matrix. For case one: 
- 
0 0 0.0287 0 0 0 
0 0 0.0017 -0.0011 0 0 
0.0287 0.0017 30.00 0.0066 -0.0002 0 
0 -0.0011 0.0066 1.9913 0.0003 0 
0 0 -0.0002 0.0003 2.0 0 
0 0 0 0 0 0 
/ \ 
Rx 
RY 
Rz  
cx  
CY 
, C z  , 
the third case: 
- - 
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For case two: 
For case three: 
The nature of the matrices relating R z ,  Cx, and Cy to  changes in AZ,  AOx, and 
ABy can best be understood through stiSfness ellipsoids. The ellipsoids define the set of 
displaceme~lts that result in a unit force. The ellipsoid's major axes correspond to  the 
eigenvectors of the 3 x 3 matrix. The derivation follows from the fact that the magnitude 
of the force equals one. 
I< is the stiffness ma.trix, aad x is a. vector corresponding to the changes of the position 
of AZ, A@,, and ABy. Tlle ellipsoids can be seen in Figures 2.5, 2.6, and 2.7. 
The basic nature of the ellipsoid does not change much with changes in the configura- 
tion. The eigenvalues of the matrices are almost the same. Instead, it appears that the 
eigenvectors r0tat.e with the platform. The motion of the eigenvectors is very hard to  de- 
scribe. In all cases, the eigenvector corresponding to  the force in the Z direction remained 
almost exactly the sa,me while the eigenvectors for KO,  and Iie, seem to rotate about 
the Z axis. Interestingly, if the length of l I  equals E 2  or the length of lI equals 13,  and if 
the corresponding other link length is changed, the eigenvectors always describe a rotation 
about the Z axis of thirty degrees. The magnitude of the chailge in length of the third link 
does not a,ffect the eigenvectors of the sma,ll stiffness matrix. As the length is changed by 
Figure 2.5: S I ,~~~I ICSS  1;Ili l)soicl, ( T i z  = 30 ll)s/i~i, !Cox = 2 111s i l ~ / r i ~ . t I ,  Iio,. : 2 111s i n / r a .d ,  
= 4 in., l2  = 4 i l l . ,  I n  = /t i n . )  
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Figure 2.6: Stiffness Ellipsoid, ( K z  = 30 Ibs/in, Avo, = 2 Ibs in/rad,  I<o,. = 2 Ibs in/ra.tl, 
l 1  = 4 in. ,  l2  = 4.2 in., l3 = 3.8 in . )  
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Table 2.1: Eigenvalues corresponding to Z, Ox, and Oy directions for the 6 x 6 stiffness 
matrix and the 3 x 3 submatrix 
greater amounts, the eigenvalues do change, but very little. (Although, if l2 equals 13, the 
eigenvectors do not rotate about the Z axis thirty degrees.) 
If this mechanism is used as an ankle, the direction of the force in the Z axis is very 
important; the force holding the leg up should remain vertical. Again, as stated before, 
the force corresponding to Fz does remain vertical even if the upper platform is tilted 
eleven degrees. The upper platform should conform to a possibly uneven surface. Since the 
resulting moments in the Ox and Oy directions are usually resisted by the leg, the actual 
rotation of these axis about the Z axis is unimportant. 
To check the validity of using the 3 x 3 matrices, the eigensystem for the larger 6 x 6 
matrices is determined for each case. The eigenvalues for the the larger matrices are very 
similar to  the eigenvalues of the smaller matrices. For example, in the extreme case, the 
components of the eigenvalues are almost exactly the same as shown in Table 2.1. The 
components of the eigenvectors as well are almost exactly the same. 
Matrix 
6 x 6 
3 x 3 
Ice, 
1.9099 
1.9082 
I~z 
29.995 
29.9915 
K e y  
1.99996 
1.99996 
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The stiffness matrices can be defined by the user, and a couple of cases for which the 
value of K z  is small are presented. In the two cases Iiz equals 3 lbs/in and ICox and KO, 
both equal 400 lbs in/rad. The behavior of the ellipsoids also changes dramatically with 
the change in the desired end effector stiffnesses as shown in Figures 2.8 and 2.9. 
Case Link 1 Link 2 Link 3 
For the second case: 
Figure 2.8: StifTness Ellipsoid, ( K z  = 3 Ibs/in, KO, = 400 lbs in/rad, I{o, = 400 Ibs in/ra.d,  
1 ,  = 4 in., l2 = 4 in., l3  = ~1 in.) 

Chapter 3 
Important Considerat ions in Force 
Control 
3.1 Theoretical and Practical Considerations in Force con- 
trol 
Practical a,nd theoretical considerations for implementing force control are discussed. The 
main purpose of this section is to  understand how to control force dynamically. With this 
purpose in mind, these following sections apply to controlling the force with either parallel 
or serial mechanisms. 
Force control with serial mechanisms is researched in order to  better understand how 
force control is currently being implemented. The traditional dynamic hybrid position/force 
control model relys on rigid body dynamics and relates the input forces directly to  the output 
forces. To add dynamics to  this model, integral control is used. If this algorithm for force 
control is chosen, then the method in which the control law is implemented using a discrete 
computer becomes very important. Namely, the difference rule and the gains chosen greatly 
affect the behavior of the overall system. Experimental and simulation results are obtained 
using a one degree of freedom pneumatic force controller. 
Note, this work in the following section is not entirely the author's, but was done in 
collaboration with other researchers [20]. 
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3.1.1 Introduction 
Background 
Force control is essential for the coordination of multiple actuators in an overconstrained 
robot system. Examples of such systems include a single robot interacting with the environ- 
ment, multiple cooperating robots, and complex robot systems such as multifingered hands 
or walking vehicles. Although the basic idea of force control has been well-known for over a 
decade [22, 61, there are still some problems which are not clearly understood. Some of the 
limitations of force control are due to the lack of good actuators and sensors. In addition, 
there are several fundamental problems with the formulation and the implementation of 
force control algorithms. In the following sections, the theoretical and experimental results 
that provide an insight into these problems are discussed. 
Models for Force Control 
Traditionally, models for robot dynamics have been derived from principles of rigid body 
dynamics. As a result, the force control problem has not been formulated as a dynamic 
control problem. When rigid body models are employed for the robot along with ideal 
actuator models, the actuator inputs are related to the positions through a second order 
differential equation. However, the output forces are algebraically related to the actuator 
forces (inputs) and therefore the formulation is devoid of dynamics. In other words, there is 
a lack of causality in the relationship between the output forces and the inputs. At best the 
actuators can compe~zsate for forces in a static manner, but they cannot dynamically control 
the forces. In fact, theories for compliance (or stiffness) control [7, 23, 28, 371, operational 
space control [9], hybrid control [27] and their extensions to  systems with closed chains 
[30, 38, 411 have the same limitations. In the past these theories proved to  be adequate 
because the focus was on performing complex tasks in a quasi-static framework as opposed 
to dynamic control [29, 40, 8, 151, but dynamic control is not possible with this approach. 
While rigid body models are justified when robots are position controlled, interactions 
with dynamic environments cannot be controlled with control laws derived from such mod- 
els. This difficulty with rigid body models is identified in the work in References [17, 181, 
















































